Abstract Site productivity, assessed through site index, was modelled using partial least squares regression as a function of soil and climatic variables. Two alternative models were developed: a full model, considering all available explanatory variables, and a reduced model, considering only variables that can be obtained without digging a soil pit. The reduced model was used for mapping the site index distribution in Portugal, on the basis of existing digital cartography available for the whole country. The developed models indicate the importance of water availability and soil water holding capacity for site index value distribution. Site index was related to climate, namely evaporation and frost, and soil characteristics such as lithology, soil texture, soil depth, thickness of the A horizon and soil classification. The variability of the estimated values within the map (9.5-16.8 m with an average value of 13.4 m) reflects the impact of soil characteristics on the site productivity estimation. These variables should be taken into consideration during the establishment of new plantations of cork oak, and management of existing plantations. Results confirm the potential distribution of cork oak in coastal regions. They also suggest the existence of a considerable area, located both North and South of the Tagus river, where site indices values of medium (]13;15]) to high (]15;17]) productivity classes may be expected. The species is then expected to be able to have good productivity along the northern coastal areas of Portugal, where presently it is not a common species but where, according to historical records, it occurred until the middle of the sixteenth century. The present research focused on tree growth. Cork growth and cork quality distribution needs to be further researched through the establishment of long term experimental sites along the
Introduction
Cork oak forests in Portugal have high economic and social importance. This species is also a key element in a multifunctional agroforestry system (montado), which usually combines the production of several non-wood forest products (e.g. cork, pasture, livestock), and is important for its biodiversity, water retention and soil conservation capacities. Recently its importance for carbon stocking, both in existing stands (Paulo et al. 2013) and new plantations (Coelho et al. 2012 ) has been recognized. According to the last Portuguese national forest inventory (AFN 2010) , 715,922 ha are currently occupied by cork oak forests/agroforests in Portugal (23 % of the total forest area in the country), mainly in the South of the country (Fig. 1) . Historical records show, however, that this distribution is smaller than the potential distribution area in the country, since until the middle of the sixteenth century cork oak was distributed in a wider area in Portugal (Costa 1997) , and the area of distribution of this species (APA 1984; Correia and Oliveira 2003) is larger than the area where it is presently found. The reduction of the distribution area of this species, related to a complex interaction of several anthropogenic and environmental variables, has been recently studied and discussed by several authors, using different methodologies, in several Mediterranean countries such as Portugal (Coelho et al. 2012) , Italy (Vessella and Schirone 2013) and Spain (e.g. Lacambra et al. 2010) . In Portugal, areas of new cork oak plantations have been established in recent decades. In addition to plantings in forest areas, afforestation of agricultural land has also been relevant since specific measures of financial support have been established for this proposal. New cork oak plantations are established not only in the traditional area of distribution of the species, but also in the northern area of the country (Fig. 1) where historical records show that the species was formerly present (Costa 1997) and where climatic thresholds suggest a possible occurrence. This has also been recently demonstrated by research in other Mediterranean countries such as Spain (Lacambra et al. 2010) and Italy (Vessella and Schirone 2013) . As a result, a total of 46,815 ha of cork oak stands are identified as recent cork oak plantations (\20 years old) in the last Portuguese national forest inventory (AFN 2010) .
The study of the importance of recent plantations for carbon sequestration and cork production is an important subject, requiring the use of forest growth models implemented as simulators, such as the one developed by Coelho et al. (2012) . Different site productivity evaluation methods may be used by these growth models. Site index is one of these methods, used both for species usually pruned to a specific form of stem, or other species where this operation is not required. For example, site index is used in the individual tree diameter models developed by Tomé et al. (2006) and Sánchez-González et al. (2006) for even-aged cork oak stands in Portugal and Spain, respectively, and by Gea-Izquierdo et al. (2008) for Quercus ilex in Iberian open oak woodlands. Site index (SI) refers to the dominant height of a stand at some specified reference age or base age, commonly selected to lie close to the average rotation age. One of the reasons for the frequent use of this Fig. 1 Location of sampled stands included in the data set (black), along the current distribution of cork oak stands (light grey), represented by the location of the National Forest Inventory (NFI) photo points (500 m 9 500 m grid) with the presence of cork oak. NFI plots identified as new cork oak plantations are shown in dark grey New Forests (2015) 46:293-307 295 method is the fact that when site index curves exist for a given species, the determination of site index only requires one measurement of some of the trees in the stand, taken at any known age (e.g. Bravo-Oviedo et al. 2004; Sánchez-González et al. 2005) . According to Clutter et al. (1983) classification, site index curves are considered a direct method for site index evaluation. When the stand age is not known, or when tree measurements are not available for the species, indirect methods of evaluating the site index from climatic and/or soil variables are needed (Clutter et al. 1983) . Several statistical approaches have been used and compared (Aertsen et al. 2010) for the development of these indirect methods, such as multiple regression (e.g. Corona et al. 1998; Fontes et al. 2003 (Palmer et al. 2009 ). Partial least squares (PLS) is an advanced multivariate statistical approach that allows a set of response variables to be predicted from a set of predictors. It has proven to be a powerful tool for versatile data analysis, to simplify data and to analyse the correlation between groups of variables at the same time. It has been largely used in several scientific areas such as remote sensing (e.g. Bikindou et al. 2012) , wood technology (e.g. Alves et al. 2012) , chemometrics (e.g. Wold 1994) or ecology (Carrascal et al. 2009; Cheng-liang et al. 2012) , in cases when data sets are characterized by a large number of correlated predictor variables and/or a relatively small number of observations. Compared with multiple linear regression, the predictor variables are replaced by a certain number of factors (also called components, latent vectors, or latent variables), estimated in order to simultaneously describe the variation of the space created by the prediction variables and the response variable. As a result, PLS regression can avoid collinearity problems frequently encountered when using ordinary least squares, by compressing these collinear variables into orthogonal and non-correlated factors. More details on this statistical methodology can be found, for instance, in Geladi and Kowalski (1986) or Abdi (2010) .
The objective of the present work was to develop a model, based on climate and soil variables, to predict site index for cork oak stands in Portugal within the distribution area of the species. Additionally, the model was used to spatially determine the distribution of the site index value of cork oak in Portugal.
Materials and methods

Site index and predictor variables data collection
Data from 100 plots established in 42 even-aged cork oak stands of known age were used for this study. Due to the low density of trees typical in adult cork oak stands, the characterization of several stand variables demands the measurement of plots with areas larger than the ones typically used in forest inventories (Almeida and Tomé 2010; Tomé 2005) . For this reason, plots with an area of 2827 m 2 were defined, either circular with 30 m of radius or rectangular with 53.2 m 9 53.2 m. This set of plots was obtained from two different sources: 40 permanent research plots from ForChange research group established during several research projects, and 60 plots established for this research. Stands included in this last subset were selected in order to, in addition to the first one, best cover the current distribution of cork oak stands. Also, the location of the plots established in the same stand was defined in order to account for the variability of the stand due to topographic and soil features, and therefore different site productivity. The location of the plots is shown in Fig. 1 , as well as the current distribution of cork oak stands (young plantations and adult stands in different colours).
The site index for each sample plot was estimated using the model developed by Sánchez-González et al. (2005) , for a base age of 80 years. The dominant height was calculated using the 25 trees per hectare with the largest diameter, instead of the usual number of 100 trees per hectare, because of the typically low density of cork oak stands that have an average value of 66 trees ha -1 in pure cork oak stands according to the last Portuguese national forest inventory (AFN 2010). The estimated values for the site index of the sample plots varied from 10.0 to 18.4 m, with an average of 15.1 m.
In each plot, a soil pit was dug until the R/C or C/R horizon was reached. The depths of the pits varied between 45 cm and 200 cm. The following variables were used for this study (Table 1) : FAO soil group according to the IUSS Working Group WRB (2006) classification, lithology according to Silva (1983) classification, coarse elements percentage, soil textural class (fine, medium and coarse), thickness of the A horizon and soil depth. The last five variables can only be obtained through observation of the soil profile. FAO soil group and lithology may be obtained through digital cartography such as the environmental atlas available at the Portuguese Agency for the Environment website (http:// sniamb.apambiente.pt/webatlas/).
The slope, aspect and position in the slope of the sample plots (Table 1) were determined locally, but these characteristics can also be obtained with reasonable precision using available topographic maps (1:25,000) or a digital elevation model. The topographic wetness index developed by Bevan and Kirkby (1979) was computed for each plot (Table 1) using the Jarvis et al. (2008) digital terrain model and according to Sorensen et al. (2005) .
Climatological variables recognized as relevant for cork oak environmental distribution were obtained from the 83 meteorological stations network of the Portuguese Meteorological Service (Table 1 ). The variables considered were computed from average monthly data over a 30-year period : mean minimum temperature (°C), mean temperature (°C), mean maximum temperature (°C), mean monthly precipitation (mm), mean number of days with precipitation per month, mean monthly evaporation measured with Piche evaporimeter (mm) and mean number of days with frost per month. The Martonne climatic index (De Martonne 1925) , a measure of the aridity of region, was computed as followed at the plot level: M = Pm/(Tm ? 10), where M is the Martonne climatic index, Pm is mean annual precipitation in mm and Tm is mean annual temperature in°C.
Modelling approach
Two alternative models were developed. Model 1 (M 1 ), the full model, was developed by considering all the available explanatory variables as candidates: FAO soil group, soil lithology, soil coarse elements percentage, soil textural class, thickness of the A horizon, soil depth, slope, aspect and position in the slope of the plot, topographic wetness index, climatic variables and Martonne climatic index. Model 2 (M 2 ), the reduced model, was developed by removing variables that can only be obtained through observation of the soil profiles, which required the digging of a soil pit (coarse elements percentage, textural class, thickness of the A horizon and soil depth). Climatic variables were candidate predictors for both alternative models.
Although the PLS method allows the development of a model that includes a very large number of independent variables, it is important to identify which predictor variables are most useful for predicting the response variable and which variables make small and uncertain contributions to the model. For this determination, we used the variable New Forests (2015) 46:293-307 297 Climatic variables data set refer to mean values, computed using monthly averages of the 30-year period of importance projection (VIP) statistic, which evaluates the contribution of each predictor variable to the PLS regression model for both predictor and response variables. Predictor variables that had relatively small absolute values for the regression coefficients, based on the centred and scaled predictors, and VIP values of \0.8 were removed from the model (Wold 1994) . The test proposed by van der Voet (1994) was applied to choose the number of factors. For each model, the number of factors chosen was the fewest that presented residuals that were not significantly larger (at 0.05 level) than the residuals of the model with the minimum predicted residual sum of squares statistic value. SI modelling was carried out using partial least squares (PLS) regression, using the PLS procedure of the SAS 9.2 software (SAS Institute Inc. 2000). Plots of the studentized residuals versus the predicted values and QQ-plots of the studentized residuals were used to look for inadequacies of the models and for outliers. Plots of the observed response values versus predicted values were used in the diagnostic review of the adequacy of the models. Ideally, model validation should be carried out with a data set independent from the one used to fit the model. When such data are not available, resampling techniques such as boot-strapping and jackknife methods are used to mimic a validation data set (e.g., Davison and Hinkley 1997) . In our case validation was made by withholding one plot at a time and fitting the model with the remaining observations. This guaranties that the observations used for the computation of the residuals are independent from the ones used to fit the model. The parameters resulting from this fit were used to estimate the site index value for the plots from the deleted stand. The resulting prediction residuals r i , called PRESS residuals (e.g. Myers 1990 ), were computed as r i = y i -yest i , where y i and yest i are the observed and the predicted site index values, respectively. The following validation statistics were used to evaluate and compare the models predictive performances: the mean of the press residuals (" r i ) was used to evaluate bias, the mean of the absolute value of the press residuals (j" r i j) was used as an evaluation of model precision, the 5th and 95th percentile values of the press residuals (p5 and p95 respectively) were used to complement the assessment of model precision. In addition, model efficiency (ef), or the proportion of variation explained by the model, was computed using the press residuals as:
where n is the number of observations (n = 100), " y is the mean value of the site index dependent variable, and other symbols are as previously defined.
Mapping site index distribution for cork oak stands in Portugal
Model M 2 , or reduced model, was used for mapping the site index values that can be expected along the distribution area of cork oak in Portugal. The map was restricted to areas where digital cartographic values from soil, lithology and climatological variables are included within the range of the data set used for fitting the model. A soil map (Cardoso et al. 1973 ) and a lithologic map (Silva 1983), available for the whole country, albeit at a relatively coarse scale (1:1.000.000), were used to gather data at the national level. The previously mentioned maps are available in a digital format at the Portuguese Agency for the Environment website (http://sniamb.apambiente.pt/webatlas/). Maps with 1 km resolution for mean monthly evaporation and mean number of days with frost per month were built with inverse distance weight on the 83 stations observed monthly data from 1961 to 1990 (Miranda et al. 2002) . All the geographic datasets were converted to grids and the New Forests (2015) 46:293-307 299 reduced model equation (M 2 ) was formulated in Raster Calculator ArCGISÓ (Spatial Analyst Extension), producing a map with the resulting site index.
Results
Model development
The relation between the site index value and some of the climatic and soil variables was evident by the linear relation they presented (Fig. 2) , suggesting that these variables are relevant for the model development. By applying the van der Voet (1994) test, the final number of extracted factors for each of the models was three and four for the full (M 1 ) and reduced (M 2 ) models respectively. The percent variation accounted for by PLS factors of these two models on the dependent variable are presented in Table 2 .
Regarding the full model (Table 3) , the three extracted factors explained a total of 70.0 % of the site index variable variation. This value is mostly associated with the first factor, which alone is responsible for 61.1 % of the total variation, while the second and third factors are responsible only for 7.4 and 1.5 % respectively. Correlation loading plots for the two first factors (Fig. 3a) suggest a large and positive effect of an increase of soil depth and thickness of the A horizon, in opposition to a negative effect of mean monthly evaporation, on site index value. The first factor was also related to soil textural classes and soil groups. Coarse texture class is positively differentiated in opposition to fine texture class, while medium texture class is associated to a close to zero loading value. Also Arenosols and Leptosols are have an antagonist relation to site index, the first associated with a positive effect, while the second with a negative effect on the site index value.
For the reduced model (Table 4) , the total variation of the dependent variable is related more to the first factors (41.7 % of a total value of 49.1 % explained by the four factors). Correlation loading plots (Fig. 3b) showed that in the first factor, higher values of mean annual evaporation and mean annual number of days with frost are both related to lower site index values. This factor also suggests the differentiation between sands and sandstone soil lithology classes from shales and shists. The first two present positive loading values while the last two are associated with negative values. Other soil lithology classes present near to zero values of loading values from the first factor.
None of the models included climatic variables related to temperature, precipitation, Martonne's climatic index, topographic wetness index, soil coarse elements percentage, slope, aspect or position in the slope, since the estimated VIP statistic values for these variables were smaller than 0.8, suggesting their removal from the model.
Results concerning model validation (Table 5) show that best results were obtained with the full model (M 1 ), using information from soil profiles and/or local surveys, but this information requires digging soil pits or collecting soil samples using a probe. The costs and time associated with such operations led to the search for an alternative model (M 2 ) which was shown to have lower predictive abilities but nevertheless an acceptable predictive ability to be used for mapping site index. The reduced model (M 2 ), with fewer explanatory variables, provides lower precision (j" r i j, p5, p95 values) and has less efficiency (ef values), as expected. In terms of bias (r i values), the behaviour of the two models is Mean number of days with frost per month -0.284 similar. The observation of the plots of the studentized residuals versus the predicted values and of the QQ-plots of the studentized residuals (not shown) did not reveal any inadequacies of the selected models.
Mapping predictions of the site index distribution in Portugal
The map of the site index values for Portuguese stands within the distribution area of cork oak in Portugal (Fig. 4) was obtained using the reduced model (M 2 ). Site index values were grouped into 2 m classes. The predicted site index distribution (values extending from 9.5 to 16.8 m with average value of 13.4 m) was found to be in relatively close agreement with our knowledge of cork oak stands along the territory. The occurrence of higher site index values along the coast is not limited to the southern part of the country, since these values are also present north of the Tagus River. " r i -mean of the value of the press residuals; j" r i j-mean of the absolute value of the press residuals; p5-5th percentile value of the press residuals; p95-95th percentile value of the press residuals; ef-model efficiency New Forests (2015) 46:293-307 303 Fisher and Binkley (2000) consider that parent material, soil depth, effective rooting depth, drainage class, soil aeration and nutrient availability are the soil factors that most strongly influence forest development and tree growth. Although not all of these variables are present in the dataset used for this study, it was assumed that the variables collected from the soil pits serve as proxies for these important soil characteristics. The preference of cork oak for coarse and medium soil textures was expressed by the values of the parameters associated to these classes, in opposition to negative parameter values associated to fine textures suggesting, also through empirical knowledge, that cork oak prefers higher hydraulic conductivity soils (well drained). The presented results are in accordance with (Lacambra et al. 2010) , as well as the importance of several soil related variables, particularly lithology (Hidalgo et al. 2008; Vessella and Schirone 2013) and soil groups (Costa et al. 2008) , for the distribution of cork oak in several Mediterranean countries. The climatic variables included in both models and the parameter values associated with each one suggest that water availability, e.g. the water cycle, lays a key role for cork oak productivity, in accordance to results found for other Mediterranean species (BravoOviedo and Montero 2005) and recently demonstrated for cork oak in several Mediterranean regions (David et al. 2007; Besson et al. 2014) . The water availability relevance was shown through the inclusion of mean monthly evaporation and soil variables. It demonstrated that when evaporation increases the reduction of water accessibility for trees determines a decrease in site productivity.
Discussion
The variability of the estimated values within the map reflects the impact of soil characteristics on the site productivity estimation. When comparing these predictions with the ones from Sánchez-González et al. (2005) for cork oak species in two Spanish regions, noticeable differences were found. Portuguese stand predictions using model M 2 ranged from 9.5 to 16.8 m (average value of 13.4 m), while with the Sánchez-González et al. (2005) estimates for the two Spanish regions range from 6 to 14 m. These results mean that no predictions are included in classes 6 and 8 as defined by Sánchez-González et al. (2005) , corresponding to values with a lower limit of 5 m and an upper limit of 9 m. Additionally, the highest class predicted by this model has an upper limit of 15 m, while predictions made by the selected models of this study reach values of the class ]15;17]. It is important to note that these differences result nevertheless from the usage of two different methods: a direct site index estimation method (site index curves) by Sánchez-González et al. (2005) , and the indirect method developed in this research.
Conclusions
The models developed using partial least squares allow the prediction of a site index based on soil and climate variables. Variables related to evaporation and frost events throughout the year were the climate variables most closely related to site index values. Site index is also related to soil variables such as soil lithology, soil texture, soil depth, thickness of the A horizon and soil classification, as these variables have significant influences on soil water availability throughout the year.
The results from the site index mapping for the area in which cork oak stands are currently distributed confirms the optimum distribution of cork oak in coastal regions. This result suggests that the species may have good productivity along the northern coastal areas of Portugal, where currently it is not a common species but where, according to records concerning the collection of wood for ship building, it occurred until the middle of the sixteenth century. Since nowadays the main extractible product from cork oak is not wood but cork, cork growth and quality distribution and influencing variables needs to be further researched through the establishment of long term experimental sites along the distribution area of cork oak, namely in the central and northern coastal areas. 
